CpG islands (CGIs) are primarily promoter-associated genomic regions and are mostly unmethylated within highly methylated mammalian genomes. The mechanisms by which CGIs are protected from de novo methylation remain elusive. Here we show that insertion of CpG-free DNA into targeted CGIs induces de novo methylation of the entire CGI in human pluripotent stem cells (PSCs). The methylation status is stably maintained even after CpG-free DNA removal, extensive passaging, and differentiation. By targeting the DNA mismatch repair gene MLH1 CGI, we could generate a PSC model of a cancer-related epimutation. Furthermore, we successfully corrected aberrant imprinting in induced PSCs derived from an Angelman syndrome patient. Our results provide insights into how CpG-free DNA induces de novo CGI methylation and broaden the application of targeted epigenome editing for a better understanding of human development and disease.
G enome-wide single-base-resolution mammalian methylome studies have revealed that most of the cytosine in CpG dinucleotides is methylated (1) (2) (3) , presumably during blastocyst to early postimplantation stages by DNA methyltransferase 3A (DNMT3A)-and/or DNMT3B-mediated de novo methylation (4, 5) .
Once established, the methylation patterns are stably maintained throughout development (2) . In contrast, CpG islands (CGIs) remain predominantly unmethylated (3, 5, 6) . About 70% of annotated gene promoters are associated with a CGI, making this the most prominent promoter feature (7) . Recent reports suggest the existence of protection machinery, composed of proteins harboring the CXXC (Cys-X-X-Cys, where X is any amino acid) zinc finger domain, that safeguards the CpG clusters within a CGI from de novo methylation (8) (9) (10) . The protein ten-eleven translocation 1 (TET1), which catalyzes the conversion of 5-methylcytosine into 5-hydroxymethylcytosine (11, 12) , contains a CXXC domain and localizes to CGIs (8) . In addition, CXXC finger protein 1 (CFP1) recruits the Set1 complex to CGIs (10) , where this complex catalyzes methylation of histone H3 on lysine 4 (H3K4). Trimethylated H3K4 (H3K4me3) is generally associated with active transcription and potentially inhibits DNA methylation by preventing the recruitment of de novo DNA methyltransferases (13) . It has been shown that artificial CpG-rich sequences lacking promoters are sufficient to establish domains of H3K4me3 (14) . Nevertheless, it has been suggested that the methylation-blocking machinery alone is insufficient to establish and stably maintain an unmethylated CGI (14) . The binding of transcription factors and transcripts themselves likely also plays a part (15, 16) . However, it remains unknown how the methylation-blocking machinery cooperates with the active transcription process to establish and maintain the unmethylated status of CGIs.
Targeted CpG-free DNA integration induces stable de novo CGI methylation in human embryonic stem cells (hESCs)
To determine whether the interruption of CpGrich sequences affects the unmethylated status of CGIs, we introduced CpG-free DNA into targeted CGIs. The CpG-free DNA consisted of a transgene cassette with a promoter and neomycin (neo) resistance gene that were modified to remove all CpG sequences. We first focused on the CGI within the promoter of the DNA mismatchrepair gene MLH1. Although MLH1 CGIs of both alleles are normally unmethylated, heritable DNA methylation of even one allele of MLH1 CGI, a phenomenon termed epimutation, increases the risk of colorectal cancer (17, 18) . We constructed a targeting vector containing 1-kb homology arms on both sides (5′ and 3′) of the CpG-free cassette and delivered it into hESCs together with a plasmid expressing Cas9 nuclease and a single guide RNA (sgRNA) targeting the MLH1 CGI via electroporation (Fig. 1A) . After geneticin (G418) selection, heterozygous homologous recombination (HR) clones, with correct integration of the CpGfree cassette into one allele of the MLH1 CGI, were obtained ( fig. S1, A to C) . To analyze the methylation status of CpG sites in the MLH1 CGI, we performed a Southern blot analysis using the methylation-sensitive restriction enzyme Hae II. Both alleles in untransfected hESCs displayed an unmethylated status. For the heterozygous HR clones, nontargeted alleles were unmethylated, as evidenced by complete digestion by Hae II, whereas alleles containing the CpG-free cassette were methylated ( fig. S1C ). To further examine the extent of the de novo DNA methylation on the MLH1 CGI, we performed target enrichmentgenome bisulfite sequencing, which can reveal CpG methylation status at single-base resolution across an 800-kb region around the MLH1 CGI. In untransfected hESCs, almost the entire MLH1 CGI was unmethylated, whereas de novo methylation was observed in the MLH1 CGI of the heterozygous HR clones (Fig. 1B and fig. S2 ), resulting in~50% of a colorectal adenocarcinoma cell line (SW48) with homozygous epimutation ( fig.  S3 ). Moreover, consistent with Southern blot analysis, allele-specific methylation analysis demonstrated that nontargeted alleles were unmethylated, whereas all alleles containing the CpG-free cassette were methylated ( fig. S4 ). De novo DNA methylation of the MLH1 CGI did not affect the methylation status of adjacent CGIs ( fig. S2 ). These data indicate that targeted integration of the CpG-free cassette leads to de novo methylation of the entire MLH1 CGI.
Next, we examined the stability of the de novo CGI methylation conferred by CpG-free DNA integration. We found that Cre-loxP-mediated removal of the CpG-free cassette did not affect the acquired methylation. More than 20 passages after excision, the MLH1 CGI methylation level, as well as the low expression of MLH1 mRNA and protein, was stably maintained (Fig. 1B and (19) . Taken together, these data show that integration of the CpG-free cassette through HR induced stable de novo methylation throughout the MLH1 CGI in hESCs.
The MLH1 CGI is likely more prone to epigenetic perturbation than other CGIs, as abnormal methylation of this locus has been observed in certain colon cancers. To test whether integration of CpG-free DNA could induce de novo methylation in other CGIs, we targeted the CGIs associated with housekeeping genes HSP90AB1 and AARS2, which encode a heat shock protein and an alanyl-tRNA synthetase, respectively. Consistent with the results from the MLH1 CGI, we also observed de novo methylation in HR alleles induced by CpG-free cassette integration in both the HSP90 and AARS2 CGIs ( fig. S6 ).
Epigenetic correction of abnormal imprinting of SNURF/SNRPN CGI in Angelman syndrome induced PSCs (iPSCs)
To explore the possibility of using targeted CGI methylation to develop therapeutics for epigenetic disorders, we focused on the imprinting disease Angelman syndrome (AS), which is characterized by severe intellectual disability, speech impairment, and frequent laughter. AS is mainly caused by genetic alterations at the imprinting locus on chromosome 15q11-q13, which result in neuronspecific depletion of ubiquitin-protein ligase E3A (UBE3A) (20, 21) . The CGI of the SNURF/SNRPN gene promoter, located~400 kb upstream of UBE3A, normally exhibits allele-specific methylation on the maternal allele; the paternal allele is unmethylated and its transcription generates a UBE3A antisense RNA (a long noncoding RNA) that silences paternal UBE3A expression. Thus, UBE3A is normally expressed only from the maternal allele (22) (23) (24) . One cause of AS is chromosome 15 paternal uniparental disomy (UPD), in which both copies of chromosome 15 are of paternal origin. In neurons from these individuals, UBE3A antisense RNA is expressed from both alleles, thereby depleting UBE3A ( Fig. 2A) (25) .
To determine whether targeted CGI methylation can correct abnormal imprinting of paternal UPD, we generated iPSC lines using B lymphocytes derived from an AS patient with chromosome 15 paternal UPD and a control normal, or wild-type (WT), individual. No obvious differences in iPSC characteristics were observed between WT and AS iPSCs ( fig. S7 ). It has been reported that, unlike some imprinting loci such as H19, IGF2, and MEG3, the SNURF/SNRPN CGI is highly stable and insensitive to perturbation in human PSCs (26) (27) (28) . Consistent with this, we also found that the methylation patterns of the SNURF/SNRPN CGI in both WT and AS iPSCs were not affected by the reprogramming process and extensive passaging (Fig. 2C and fig. S8C ). We next introduced the CpG-free cassette into the SNURF/SNRPN CGI of AS iPSCs (Fig. 2B) . Correctly targeted AS iPSC HR clones were identified ( fig. S8, A to C) . Southern blot analysis using the methylation-sensitive restriction enzyme Bss HII revealed that nontargeted alleles remained unmethylated, whereas all eight targeted alleles found in six HR clones (four heterozygous, AS HR1-4; two homozygous, AS HR5 and HR6) exhibited de novo methylation ( fig. S8C ). Target enrichment-genome bisulfite sequencing showed that the entire SNURF/SNRPN CGI was unmethylated in AS iPSCs and became fully methylated in a homozygous HR clone (HR5) and that the methylation levels were restored to the WT level (~50%) in heterozygous HR clones (HR1 and HR2) (Fig. 2C) . Allele-specific methylation analysis confirmed that de novo methylation only occurred on the targeted alleles ( fig. S9) . In AS iPSCs, aberrant DNA methylation patterns were also observed in distant genomic locations upstream of the target site ( fig. S10) . Notably, aberrant methylation at these distal regions (100 kb upstream) was also corrected in HR clones. In contrast, the methylation pattern of the UBE3A CGI, which lies downstream of the targeted CGI, was unaffected ( fig. S10 ). These data support the notion that the SNURF/SNRPN CGI may serve as an imprinting center to regulate the imprinted expression of many genes from its upstream region (29) . Taken together, our results demonstrate that de novo CGI methylation induced by integration of the CpG-free cassette is able to correct aberrant DNA methylation in AS iPSCs with paternal UPD.
To evaluate the stability of the de novo methylation at the SNURF/SNRPN CGI, we removed the integrated CpG-free cassette (neo-ex clones). These heterozygous neo-ex clones showed the same level of methylation as WT iPSCs, which Takahashi remained unchanged even after 30 passages (Fig.  2C and fig. S8D ). In addition, we found that SNURF/SNRPN mRNA levels were reduced to half in neo-ex heterozygous HR clones and completely repressed in a neo-ex homozygous HR clone (Fig. 2D) . Finally, in AS iPSCs, the SNURF/ SNRPN CGI was typically bound by abnormally high levels of CXXC proteins (TET1 and CFP1) and exhibited elevated H3K4me3 levels, which were restored to WT levels in the heterozygous AS HR2 neo-ex clone (Fig. 2, E and F) .
Correction of abnormal imprinting restores UBE3A expression in AS neurons
Several lines of evidence suggest that AS symptomatology is associated with alterations in a variety of neuronal types, including CA1 pyramidal neurons (30) , Purkinje neurons (31, 32) , and dopaminergic (DA) neurons (33) . To determine whether the induced de novo methylation of the SNURF/SNRPN CGI in AS iPSCs restores UBE3A expression in affected neurons, we differentiated iPSC lines into DA neurons. Neuronal cultures derived from different iPSC lines were stained for tyrosine hydroxylase (TH) and neuron-specific class III b-tubulin (TUJ1) to label DA neurons. Consistent with a previous report (28) , no obvious differences in differentiation ability and derived DA neuron morphology were observed between AS iPSCs (AS DA) and WT iPSCs (WT DA), as well as the neo-ex HR iPSCs (HR neo-ex DA) (Fig. 3A and fig. S11 ). Notably, the DNA methylation pattern was stably maintained after differentiation of the neo-ex HR clones (Fig. 3B) . Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis revealed that the elevated expression of the UBE3A antisense RNA found in AS DA neurons was reduced to WT levels in the HR neo-ex DA neurons (Fig. 3C) . Moreover, UBE3A protein expression, which is absent in AS DA neurons, was restored to WT levels in both HR neo-ex DA neuronal cultures (Fig. 3D) . We also determined the levels of asynuclein protein, which is subjected to UBE3A-mediated degradation (34) , in differentiated DA neurons. Consistently, elevated levels of a-synuclein protein, typically found in AS DA neurons, were reduced to WT levels in HR neo-ex DA neurons (Fig. 3E) . Thus, these data indicate that correction of aberrant imprinting methylation by integration of a CpG-free cassette remains stable upon differentiation and restores UBE3A protein levels in AS DA neurons by silencing the transcription of the UBE3A antisense RNA.
CpG-free content is obligatory for inducing de novo methylation
Next, we sought to determine the mechanism underlying CpG-free cassette-induced de novo CGI methylation. First, we ruled out the possibility that a DNA double-strand break ( fig. S12) or HR process alone (fig. S13) could induce de novo methylation. Further, HR clones, in which CpGcontaining DNA was integrated into targeted CGIs, did not exhibit de novo methylation of the SNURF/SNRPN CGI and MLH1 CGI ( fig. S14) . To determine the minimal requirements that induce de novo methylation, we generated HR clones using targeting vectors containing a series of truncated CpG-free cassettes without drug selection (Fig. 4A) . We first generated a targeting vector containing the neo-S/MAR fragment, including the CpG-free neomycin resistance gene, polyadenylation signal (pAn), and scaffold/matrixassociated region (S/MAR), with a partial deletion of the N terminus from the full-length CpG-free cassette. Similar to what was observed with the full-length cassette, the integration of neo-S/MAR also induced de novo methylation at the SNURF/ SNRPN CGI in AS iPSCs (Fig. 4B and fig. S15A ). Next, we found that de novo methylation was induced by the integration of neo-b-globin (bGlo) pAn and S/MAR, but not by sv40 pAn (Fig. 4, B  and D, and fig. S15, A and C) . Unlike the whole neo-bGlo pAn, its three fragments did not induce de novo methylation (Fig. 4C and fig. S15B ). Furthermore, we generated a scrambled neo-bGlo pAn fragment devoid of CpG sequence (scrambled neo) and found that the scrambled neo also induced de novo methylation (Fig. 4E) . Taken together, these results suggest that the CpG-free content, rather than specific sequence(s), of integrated Takahashi DNA is important to induce de novo CGI methylation. To further confirm that CpG-free content is essential to induce de novo methylation, we introduced different numbers of CpG sequences in S/MAR (S/MAR +CpG10 and +CpG20). Although the CpG-free S/MAR fragment induced de novo methylation, the integration of the S/MAR fragment with CpG sequences did not induce de novo methylation (Fig. 4D and fig. S15C ). CGIs are typically associated with high GC content. We synthesized a CpG-free scrambled CGI, with ±600-bp sequences centered on the insertion site of the SNURF/SNRPN CGI, which was scrambled and stripped of all CpG sequences while maintaining the same GC rate. We found that de novo CGI methylation also occurred after targeted integration of the scrambled CGI (Fig. 4F) . Taken together, our results demonstrate that the integrated DNA fragment needs to be CpG-free to induce de novo methylation in targeted CGIs.
Both interruption of the methylation-blocking machinery and repression of transcriptional activity are required for de novo CGI methylation Transcripts (15) and transcription factors (16) also play important roles in ensuring that CGIs are unmethylated. To examine whether transcription may affect the methylation status of the SNURF/SNRPN CGI, we established cell lines in which the SNURF/SNRPN promoter region, including relevant transcription factor binding sites, was deleted from one allele in AS iPSCs (Fig. 5A and fig. S16A ). For the allele lacking the SNURF/SNRPN promoter, SNURF/SNRPN transcription was repressed (fig. S16B), and de novo methylation of the SNURF/SNRPN CGI was not observed (Fig. 5B) . This suggests that repression of transcription alone is not sufficient to induce de novo CGI methylation.
To assess the importance of the integration site in the induction of de novo methylation, we introduced the same CpG-free cassette into different sites within the SNURF/SNRPN CGI. When the CpG-free cassette was integrated near the transcription starting site (TSS) (site 2) (Fig. 5A) , de novo DNA methylation was induced in the entire CGI (Fig. 5C and fig. S17A ), similar to that observed with site 1 (Fig. 2) . Notably, integration into site 3, which is located 530 bp downstream of the TSS, successfully induced de novo methylation downstream of the insertion site, whereas only marginal de novo methylation was observed in the upstream region, including the SNURF/ SNRPN promoter and exon 1 (Fig. 5C and fig. S17A ). This may be attributed to the open chromatin structure upstream of site 3 integration maintained by an active transcriptional activity ( fig. S17, B and  C) . Thus, these results suggest that both transcriptional repression and CpG-free DNA integration are essential to induce de novo CGI methylation.
To investigate whether disruption of the methylation-blocking machinery is the cause or consequence of the observed de novo CGI methylation, we generated AS iPSCs lacking the de novo methyltransferase DNMT3B (fig. S18A ). In DNMT3B knockout AS iPSCs, de novo methylation of the SNURF/SNRPN CGI was not observed (fig. S18 , B and C), even after the introduction of CpG-free DNA into site 1. Nonetheless, integration of the CpG-free cassette into this CGI repressed SNURF/ SNRPN transcription ( fig. S18D ) and led to a pronounced reduction in H3K4me3 levels on the CGI (fig. S18E) . Collectively, these results indicate that CpG-free DNA integrated near the TSS interrupts the methylation-blocking machinery and represses transcriptional activity. To further investigate whether both are required for de novo methylation, we inserted the CpGfree cassette into site 3 of the allele with the SNURF/SNRPN promoter region removed. As described above, neither promoter deletion nor site 3 integration of the CpG-free cassette alone could induce de novo methylation in the entire CGI. However, when combined, de novo methylation was induced in the whole SNURF/SNRPN CGI (Fig. 5C ). Taken together, both interruption of the methylation-blocking machinery and repression of transcriptional activity are necessary and sufficient to trigger de novo CGI methylation in PSCs.
In conclusion, here we demonstrate that targeted integration of CpG-free DNA in human PSCs induces de novo CGI methylation that remains stable after extensive passaging and differentiation. Our approach has enabled the establishment of a PSC epimutation model and allows for the correction of aberrant DNA methylation associated with an imprinting disease. Our results offer insights into the mechanism by which CGIs are protected from de novo methylation in PSCs and open new avenues for epigenome editing. Collectively, the observations reported here may facilitate a better understanding of the fundamental principles underlying DNA methylation and deepen our knowledge of how epigenetic dysregulation leads to alterations in human physiology. 
